Pressure-induced changes in the electron density distribution in a-Ge near the a-b transition Pressure-induced phase transition in Ge from diamond structure to b-tin structure is representative as a type of covalent-metallic transitions often found in group IV elements (Si, Ge, a-Sn), III-V compounds (AlSb, GaP, GaAs, GaSb, InP, InAs, InSb), and II-VI compounds (ZnS, ZnSe, ZnTe, CdTe). [1] [2] [3] [4] [5] [6] These transformations are accompanied by large volume collapses and changes in the bonding with increased metallic character. 6, 7 In the metallic high-pressure phases, an important feature is the participation of d electrons in bonding 7, 8 at the expense of diminishing sp 3 directional bonds. 9 Despite decades of effort, the question whether the hybridization of d-orbitals happens abruptly at the transition or appears progressively with the gradual decrease of covalent bonding with pressure before the transition still remains.
Low pressure Ge phase, often referred as a-Ge with space group Fd 3m, transforms to a tetragonal b-Ge with space group I4 1 /amd at a pressure around 11 GPa. [10] [11] [12] The Ge atoms in diamond structure are generally considered to be sp 3 -hybridized. There are several direct and indirect theoretical studies on the variation of the sp 3 bonding under pressure. However, the changes in the degree of sp 3 hybridization with pressure remain controversial. Bouarissa et al. 13 calculated the pressure dependence of the energy gaps and electron density with the pseudopotential method and showed that the electron density along the bond direction decreases with increasing pressure. In comparison, an allelectron full potential linearized augmented plane-wave (LAPW) calculation showed that the sp 3 hybridization increases first with increasing pressure and then decreases under further compression.
14 In experiments, the forbidden (222) reflection has been used for studying the valence bonding charge. 15, 16 For example, the intensity of the Si (222) reflection at high pressures displayed a sudden increase at around 11 GPa, 17 which is related to a precursor lattice of the b-tin phase. 18 Therefore, the information on electron density distribution (EDD) is very useful in the characterization of the chemical bonds. However, the EDD data for Ge are currently limited to ambient pressure only [19] [20] [21] [22] and no pressure dependence of EDD is available.
In this letter, we report the EDD of a-Ge from synchrotron single-crystal x-ray diffraction (XRD) studies under high pressure using a diamond anvil cell (DAC). In combination with x-ray emission spectroscopy (XES) measurements, we show that the appearance of d-orbitals in a-Ge occurs at a pressure much lower than the structural a-b transition. It is found that the sp 3 covalent bonding increases initially with increasing pressure up to 7.7(1) GPa, above which the electron topology changes with progressively diminished sp 3 character and a gradual increase of d-hybridization in the valence orbitals.
Single-crystal XRD measurements were performed at the 16-BM-D beamline at the Advanced Photon Source (APS). A monochromatic beam of wavelength 0.35424(3) Å was focused to a beam size of about 5 Â 10 lm 2 full-widthhalf-maximum (FWHM) in both horizontal and vertical directions, respectively. A high quality single crystal of Ge (Hefei Kejing Material Technology Co., Ltd., China) was cut into a rectangular piece of approximately 20 Â 30 lm 2 and 7 lm in thickness, and subsequently loaded into a DAC with a large opening angle of 4h ¼ 60
. The culet size of the anvils was 250 lm (Fig. 1(a) ). A 250 lm Re gasket was preindented to 35 lm thick and a hole of 120 lm in diameter was drilled as the sample chamber. Neon was used as the pressure-transmitting medium. The DAC was loaded together with several small ruby balls for pressure determination using the ruby fluorescence method. 23 XRD images were collected by a MAR345 detector as the sample was rotated along a vertical axis perpendicular to the x-ray beam. A procedure using the x-scan covering a range of 50 with a step of 2 was performed. Two independent runs a)
Author to whom correspondence should be addressed. were conducted in the pressure range from 0.6 to 12.0 GPa (Fig. 1) . The a-b transition (Fig. 1 , see also Fig. S1 in the supplementary material 24 ) was found to be sharp and accompanied by a large volume collapse of 17.5%.
Data integration and pixel by pixel reciprocal plane reconstructions were performed using the GSE_ADA software. 25 In the range of sin h=k < 1.3 Å
À1
, 19 usable independent reflections were found using the searching procedure. Structural refinements were carried out using the SHELX 26 program with the R factor less than 2.3% (see Tables S1 and  S2 in the supplementary material 24 for details). The analysis of the a-Ge was performed by the maximum entropy method (MEM) 27 using the software PRIMA 28 with the unit cell divided into 60 Â 60 Â 60 pixels. To avoid bias, priors from uniform density, superposition of atom densities (pro-crystal), and electron densities computed from theoretical LAPW calculations with the Wu-Cohen functional were used separately in the MEM calculations. No noticeable differences in the EDD derived from different priors were found. The resulting reliability factor on the structure factors R MEM was set to be 1%. The derived three-dimensional (3D) and two-dimensional (2D) EDDs were visualized with the program VESTA. 29 To examine the effect of pressure on the electron topology, we have computed the difference of the EDD between two pressure points (DEDD). The 3D isosurfaces are shown in Fig. 2(a On the other hand, the EDDs along [100] direction increase gradually above 7.7 GPa. The DEDD of 9.0 GPa from 7.7 GPa ( Fig. 2(a) ) shows negative differences along [111] and the positive differences expanding to the [100] direction. These variations are even clearer from the DEDD of 10.6 GPa from 7.7 GPa (Fig. 2(a) d-orbitals, respectively. The electrons displaced from the s, p orbitals may have occupied the 4d x 2 Ày 2 and 4d z 2 orbitals. The assignment is consistent with local T d point-group symmetry as the d-orbital pair transform as the E representation.
It is prudent to point out that the differences in EDD are typically at the 3%-4% level. This is comparable to the typical uncertainty in determining EDD at high pressures. We argue that the change in EDD with pressure can be determined more precisely than the absolute EDD. This is because the experimental conditions at various pressures are almost identical in the pressure range of this study. It is expected that several uncertainties in data corrections (background, polarization, and absorption corrections) will cancel with each other in the subtraction, resulting in much better precision in the EDD differences. This speculation can be quantified. The electron density can be expressed by: qðrÞ ¼ 1 V
Pq
FðqÞe À2piqÁr , where FðqÞ is the correct structure factor. Systematic errors in structure determination may include multiplicative errors, twinning, overlaps, and background. 30 Errors arising from non-linear and nonisomorphisms effects 30 are not very significant and not considered here. So, we define an observed structure factor F 0 ðqÞ ¼ ðqÞFðqÞ þ dðqÞ, where ðqÞ and dðqÞ represent the multiplicative errors and the additive errors, respectively. The additive term from overlaps and background can be ignored, because in our data analysis, we treat each individual reflection separately in peak fitting procedures, with background individually subtracted, and overlapping reflections, if any, omitted. In our high pressure single-crystal experiments, multiplicative errors contain several sources, including diamond diffraction, sample centering, polarization, and absorption corrections. Because of the small pressure range of this study (<12 GPa), the diamond diffraction effects due to internal strains are negligible. Uncertainties arising from centering processes at different pressure points are small because the centering resolution is typically better than 2-3 lm and the sample size (20 Â 30 lm 2 ) is much bigger than the beam size (5 Â 10 lm 2 FWHM). Uncertainties in data corrections (polarization and absorption corrections) should remain the same at different pressure points, because the geometrical conditions and the sample configuration remain unchanged in this study (Fig. S1 in the supplementary  material   24 ). So, at two different pressure points P 1 and P 2 , the multiplicative term ðqÞ is assumed to be the same. Thus, the difference in experimental electron density between two pressure points can be written as
where the first and the second terms represent uncertainty and true DEDD, respectively. To demonstrate the uncertainty level, we have calculated the term ½F 0 0 ðqÞ À F 0 ðqÞ=F 0 ðqÞ for the experimental structure factor at 0.6 GPa, a pressure close to ambient condition, and compared it to the theoretical structure factor F 0 ðqÞ: 20 We find that the standard error introduced is 1.7%, with detail numbers listed in Table S3 in the supplementary material. 24 The pressure-induced changes in electron density are also displayed in the deformations from spherical atomic electron densities. We have calculated the electron densities, Dq ¼ q obs À q cal , where q obs is the observed electron density and q cal is spherical electron density calculated from structure parameters and atomic scattering factors of free atoms. 29 The pressure-induced changes in EDD are found to be reproducible in two independent measurements (Fig. S2  in the supplementary material   24 ). At the initial pressure of 1.4 GPa, the 3D Dq map shows a large ($10 e/Å 24 ). The observed reduction in sp 3 bonding and emergence of d-like orbitals should have a signature in valence band spectrum in XES. For this purpose, we conducted resonant XES (RXES) experiments near the Ge Kb 2 (transition from 4p states to 1s core state at 11 100.8 eV) at 2.9, 7.7, 10.2, 10.9, 11.6, 12.7, and 13.9 GPa at the HPCAT 16-ID-D (Fig. S3 in the supplementary material  24 ) . A standard MaoBell piston-cylinder DAC with enlarged side openings and 300 lm flat culet diamonds was used in the experiments. The Ge sample was loaded into a 100 lm diameter hole drilled in a Be gasket. Neon was loaded as a pressure transmitting medium. The incident x-ray energy calibration was monitored via x-ray absorption through a Ge foil. The signal from the sample was diffracted by a spherically bent single crystal Si (555) analyzer and collected by an Amptek detector in a Rowland circle geometry. 31 The combined energy resolution of our RXES experiments is about 1 eV. 32 In the RXES measurements, emission spectra were measured at incident energies in 1.5 eV steps from 11 098.0 eV to 11 112.0 eV tuned across the Ge K-edge (11 103 eV). In RXES, the corehole lifetime broadening can be partly reduced by detuning of the incident photon energy with respect to the resonance energy. Since the lifetime broadening of the final state is considerably smaller than that of the core excited state, the resonant method has a remarkable sharpening effect 33, 34 and significantly enhances footprints of the electronic excitations. The widths of the XES band increase significantly with pressure up to 7.7 GPa and then decrease abruptly or increase slow down until 10 GPa, close to the a-b transition (Fig. 3(a) ). For example, the pressure dependence of the RXES spectra with incident energy of 11 112 eV is plotted in Fig. 3(b) , and the FWHM (DE) values of the valence-band emission in Fig. 3(c) . The measured bandwidths are in good agreement with the LDA calculations but smaller than the GW results. 35 From 2.8 GPa to 7.7 GPa, the emission linewidth increased by 0.5 eV. A noticeable drop of 0.3 eV was observed above 7.7 GPa before the phase transition. Between 10 and 11 GPa, the linewidths increase again from 5 eV to 6.5 eV, coinciding with the a-b transition (Fig. 3(b) ). According to band structure calculations, the bottom of the valence band at 10 eV below the Fermi level has strong 4s contribution, and the highest energy band centered around 2.5 eV from the Fermi level is composed of primarily 4p states. 36, 37 The broadening of the valence band width at low pressures can be understood from the expected increase of the dominant p-state band width due to compression. We believe that the sudden reduction in the emission band width above 7.7 GPa with the appearance of d-orbitals in the EDD (Fig. 2) is not a coincidence. It is not unreasonable to postulate that the mixing of d-state at the top of the valence band reduces the intensity of the 4p ! 1s dipole transitions at the higher energy edge of the XES spectra. This corresponds exactly to what we observed in the emission experiment.
The experimental results show clearly that there are pressure induced changes in the electron topology and electronic structure within the stability field of a-Ge below the aÀb transition pressure at 11 GPa. It is generally accepted that the metallic character of the b-Ge is related to increased coordination and the strong participation of d-orbitals in the bands. 7, 9 Our view is that, at high pressure, the sp 3 Ge-Ge bonds could be weakened and led to local positional disorder at the Ge symmetry sites. At the same time, this weakening process could promote the hybridization with the d x 2 Ày 2 and d z 2 orbitals. This effect is reflected in larger and isotropic displacement parameters (Table S1 in the supplementary material 24 ). A similar effect has been observed and characterized by MEM close to the isostructural transition of Ba 8 Si 46 clathrate. 38 The observed pressure induced changes in electronic structure may indicate that there is a pre-transition process in Ge. If this is indeed the case, the weakening of the covalent bonds preceding a structural phase transition could be a general feature in group IV elements (Si, Ge, a-Sn), III-V compounds, and II-VI compounds. This also helps to explain the unexpected discrepancy between theoretically calculated and experimental linewidths in XES, because if the Ge atoms are locally disordered, the assumption of fixed positions in the calculations is no longer valid and will not yield the correct result. Another viewpoint is to explain this phenomenon as the creation of new bonding interactions between second nearest neighbors of the b-Ge at the cost of weakened sp 3 directional bonds with four nearest neighbors. 39 The s, p valence electrons initially participated in the localized "chemical bonds" will transfer to spatially extended 4d orbitals and eventually responsible for the metallic character of the b-Ge. Above 7.7 GPa, participation of the degenerated 4d x 2 Ày 2 and 4d z 2 orbitals in the valence band increases progressively with increasing pressure. It is not clear how the involvement of the d-orbitals, when at a certain critical level, may trigger the shear distortion of the structure, causing the aÀb transition. However, it is likely that, at the aÀb transition, the 4d x 2 Ày 2 and 4d z 2 orbitals split into two energy levels, with the former hybridized with the 4s and 4p orbitals forming the covalent bonds on the ab plane, and the 4d z 2 orbital dominating the metallic bonding along the c axis. 9 In summary, we have experimentally determined the EDD of a-Ge at high pressures using single crystal diffraction technique. MEM analysis shows that the sp 3 covalent bonding increases with increasing pressure up to 7.7 GPa, above which an increased participation of d electrons in the valence band occurs. This is supported by the results of XES measurements. The direct observations of the pressureinduced gradual changes in electronic structure suggest that the electronic changes happen at pressures far below the a-b transition pressure, providing a pre-transition process that may be common in other covalent-metallic phase transitions.
Thanks are due to Hui Li for the discussion and data analysis assistance, to Daijo Ikuta, Changyong Park, Yuming in eV) , which are compared to those of theoretical calculations and the experimental results from the previous studies. 35, 36 Due to the sharpening effect of the resonance XES, we are able to detect the changes in DE in a-Ge as a function of pressure.
Xiao, and Paul Chow for assistance in experiments. R.L. thanks the China Scholarship Councel (CSC) for financial support. G.S. acknowledges the support of DOE Grant Nos. DE-FG02-99ER45775 and DE-NA0001974. The sample and DAC were provided by the 4W2 beamline of BSRF, which was supported by Chinese Academy of Sciences (Grant Nos. KJCX2-SWN20 and KJCX2-SW-N03). This work was performed at HPCAT that is supported by DOE-NNSA under Award No. DE-NA0001974 and DOE-BES under Award No. DE-FG02-99ER45775, with partial instrumentation funding by NSF. We thank S. Tkachev for the help in using the gasloading system, which is supported by GSECARS and COMPRES. APS is a user facility operated for the DOE Office of Science by ANL under Contract No. DE-AC02-06CH11357.
